Nuche-Berenguer B, Ramos-Álvarez I, Jensen RT. Src kinases play a novel dual role in acute pancreatitis affecting severity but no role in stimulated enzyme secretion.
THE SRC FAMILY OF KINASES (SFKs) plays important roles in many cells mediating both physiological (endocytosis, secretion, growth, apoptosis, regulation of cytoskeletal changes) and pathophysiological (neoplastic initiation/growth, response to injury, cell death) responses (1) .
Of the nine subtypes of SFKs, various studies report pancreatic acinar cells possess a number of SFK members (Yes, Lyn, pp60Src) that can be activated by various pancreatic secretagogues and growth factors (55, 57, 68) . In general, while the role of SFKs in pancreatic cancer has been extensively studied (40) , there is only limited data on their roles in other pancreatic acinar pathophysiological conditions such as pancreatitis. Similarly, in terms of physiological responses of pancreatic acinar cells, while the signaling cascades of activation of SFKs have been well studied (55, 57, 68) , in such physiological responses as enzyme secretion, various studies report divergent results for the effects of SFK activation (36, 42, 84) . These results are potentially important for a number of reasons.
Acute pancreatitis can vary from a mild disease to a severe disease in which the pancreas digests itself and its surroundings (6, 56) . Despite the increasing incidence of this serious disorder, there is a lack of therapies directed to its molecular pathogenesis (5) . Numerous in vitro and in vivo models of acute pancreatitis have been developed that are providing important insights into the pathogenesis of this disease (37) . These studies in general provide evidence that an important initiating event is the premature activation of trypsin in the pancreas, as well as an important early role for activation of nuclear factor-B (NF-B) resulting in stimulation of proinflammatory cytokines/chemokines with resultant stimulation of an inflammatory response that can progress to cell necrosis (8, 22, 44, 56) . From these studies a number of cellular signaling cascades have been identified that are reported to play important roles in either the activation or maintenance of these pathological processes that can contribute to the initiation as well as the maintenance and even progression or severity of the acute pancreatitis (5, 30, 56) . Recent studies using gene expression in acute pancreatitis have called attention to the central role of SFKs in interacting with and activation of a number of these signaling cascades (30, 38, 43) . This conclusion is supported by studies showing inhibition of SFKs can lead to amelioration of acinar cell injury in models of pancreatitis, reduced extent of inflammation, and the generation of some inflammatory mediators (48, 62) . However, similar to its unclear role in the physiological process of secretion, the mechanism and role of SFK-induced changes in acute pancreatitis, such that its inhibition ameliorates the disease, is not clear. In the present study, to address both of these issues, we used conditions that result in marked SFK inhibition (51) to examine the effect of SFK on enzyme secretion, and a number of signaling cascades known to be activated in acute pancreatitis and mediate many of the cellular changes, including activation of chemokines/cytokines [NF-B, macrophage inflammatory protein-2 (MIP-2), monocyte chemotactic protein-1 (MCP-1), MIP-1␣, regulated on activation, normal T cell expressed and secreted (RANTES)], signal transducer and activator of transcription-3 (STAT-3), activator protein-1, stimulation of caspases (3, 8, 9 ) stimulating apoptosis, and stimulation of necrosis, using a well-established in vitro CCKinduced model of pancreatitis-like cell damage (37) .
MATERIALS AND METHODS

Materials
Male Sprague-Dawley rats (150 -250 g) were obtained from the Small Animals Section, Veterinary Resources Branch, National Institutes of Health (Bethesda, MD). Rabbit anti-phospho-Src family (Tyr 416 ), rabbit anti (Thr 202 /Tyr 204 )-p42/44, antirabbit (Thr 183 /Tyr 185 ) JNK, antirabbit anti-Src family, antirabbit anti-p42/44, antirabbit anti-JNK, and nonfat dry milk were purchased from Cell Signaling Technology (Beverly, MA). Antirabbit horseradish peroxidase-conjugated antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). Tris·HCl pH 8.0 and 7.5, was from Mediatech (Herndon, VA). 2-Mercaptoethanol, protein assay solution, sodium lauryl sulfate (SDS), and Tris/glycine/SDS (10ϫ) were from Bio-Rad Laboratories (Hercules, CA). MgCl 2, CaCl2, Tris·HCl, 1 M, pH 7.5, and Tris/ glycine buffer (10ϫ) were from Quality Biological (Gaithersburg, MD). Minimal essential media (MEM) vitamin solution, 100ϫ amino acids, Dulbecco's phosphate-buffered saline (DPBS), glutamine (200 mM), Tris-glycine gels, L-glutamine, Waymouth's MB 752/1 medium, fetal bovine serum (FBS) and RANTES, and MIP-2 Rat ELISA kits were from Invitrogen (Carlsbad, CA). COOH-terminal octapeptide of cholecystokinin (CCK) was from Bachem Bioscience (King of Prussia, PA). 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2) and 4-amino-7-phenylpyrazol [3,4-d] pyrimidine (PP3) were from Calbiochem (La Jolla, CA). Dimethyl sulfoxide (DMSO), L-glutamic acid, glucose, fumaric acid, pyruvic acid, trypsin inhibitor, HEPES, Tween 20, Triton X-100, phenylmethanesulfonyl fluoride (PMSF), ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), sucrose, sodium orthovanadate, and sodium azide were from Sigma-Aldrich (St. Louis, MO). Rat MCP-1 ELISA, albumin standard, and Super Signal West (Pico, Dura) chemiluminescent substrate were from Pierce (Rockford, IL). Protease inhibitor tablets were from Roche (Basel, Switzerland). Purified collagenase (type CLSPA) was from Worthington Biochemicals (Freehold, NJ). Nitrocellulose membranes were from Schleicher and Schuell Bioscience (Keene, NH). Biocoat collagen I Cellware 60-mm dishes were from Becton-Dickinsen Labware (Bedford, MA). Albumin bovine fraction V was from MP Biomedical (Solon, OH). NaCl, KCl, and NaH 2PO4 were from Mallinckrodt (Paris, KY). Rat MIP-1␣ ELISA Kit was from Genprice (Santa Clara, CA). Cytotox 96 Non Radioactive Cytotoxicity Assay was from Promega (Madison, WI). The Phadebas Amylase test was from Magle Life Science (Lund, Sweden). Caspase fluorogenic substrates, Ac-IETD-AMC, Ac-DEVD-AMC, Ac-LEHD-AMC, trypsin fluorogenic substrate, BocGln-Ala-Arg-AMC, and 7-amino-4-methylcoumarin (AMC) calibration standard were from Enzo Life Sciences (Farmingdale, NY). Nuclear protein extraction kit and ELISA-based TransAM for STAT-3 and NF-B p65 assay kits were from Active Motif (Carlsbad, CA). The TF-Detect activator protein (AP)-1/c-Jun Activity Assay Kit was from GeneCopoeia (Rockville, MD).
Methods
Tissue preparation. All animal experiments were approved by the Animal Ethics Committee of the National Institutes of Health and carried out in accordance with the International Guiding Principles for Animal Research. Pancreatic acini were obtained by collagenase digestion as previously described (65, 68, 79) . Standard incubation solution contained 25.5 mM HEPES (pH 7.45), 98 mM NaCl, 6 mM KCl, 2.5 mM NaH 2PO4, 5 mM sodium pyruvate, 5 mM sodium glutamate, 5 mM sodium fumarate, 11.5 mM glucose, 0.5 mM CaCl2, 1 mM MgCl2, 1 mM glutamine, 1% (wt/vol) albumin, 0.01% (wt/vol) trypsin inhibitor, 1% (vol/vol) vitamin mixture, and 1% (vol/vol) amino acid mixture.
Acini stimulation. After collagenase digestion, dispersed acini were preincubated in standard incubation solution for 2 h at 37°C with or without inhibitors as described previously (54, 79) . After preincubation, 1-ml aliquots of dispersed acini were incubated at 37°C with or without stimulants at the required incubation times. Supernatants were collected for the required measurements, and cells were lysed in lysis buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium azide, 1 mM EGTA, 0.4 mM EDTA, 0.2 mM sodium orthovanadate, 1 mM PMSF, and one protease inhibitor tablet/10 ml). After sonication, lysates were centrifuged at 10,000 g for 15 min at 4°C, and protein concentration was measured using the Bio-Rad protein assay reagent.
Western blotting. Western blotting was performed as described previously (21) . The intensity of the protein bands was measured using Kodak ID Image Analysis, which were assessed in the linear detection range. When reprobing was necessary, membranes were incubated in stripping buffer (Pierce) for 30 min at room temperature, washed two times for 10 min in washing buffer, blocked for 1 h in blocking buffer at room temperature, and reprobed as described above. SFK activation was assessed by determining Y416 Src phosphorylation, a well-known activation site for Src (64) .
Nuclear extract preparation. Nuclear extracts were prepared by employing a kit (Active Motif) and following the manufacturer's instructions. Nuclear extracts were prepared from pancreatic acinar cells isolated following the protocol described in Tissue preparation.
SFK action on STAT-3, NF-B, and AP-1 DNA-binding activity. Pancreatic acinar cells were preincubated with 0.1% DMSO or 10 M PP2 or PP3 (final DMSO 0.1%) and then incubated with 100 nM CCK for 2 h as previously described (62) . The binding of STAT-3, NF-B, and AP-1 to DNA was measured in nuclear extracts with three different ELISA-based TransAM assay kits for detecting STAT-3, NF-B p65, and AP-1 c-jun, respectively. These assays use multiwell plates coated with an unlabeled oligonucleotide containing the consensus binding site for STAT-3 (5=-TTCCCGGAA-3=), NF-B (5=-GGGACTTTCC-3=), and AP-1 (5=-TGAGTCA-3=). Nuclear proteins (5 g) were added to each well and incubated for 1 h at room temperature to allow the nuclear transcription factors to bind their respective consensus sequence. Subsequently, by using the respective antibodies for STAT-3, NF-B, and p65/AP-1 c-jun subunit, the complexes of STAT-3, NF-B, and AP-1 c-jun bound to their respective oligonucleotide were detected. Addition of the secondary antibody conjugated to horseradish peroxidase provided a sensitive colorimetric readout that was quantified by spectrophotometry. Absorbance was read at 450 nm within 5 min by using a 96-well microplate reader (Tecan, San José, CA). The wild-type consensus oligonucleotides were provided as competitors for STAT-3, NF-B, and AP-1 binding to monitor the specificity of each assay. Results were expressed as fold increase over the control group.
Chemokine detection. Pancreatic acinar cells were preincubated with 0.1% DMSO or 10 M PP2 or PP3 (final DMSO 0.1%) and then incubated with 100 nM CCK for 30 min (RANTES) or 2 h for the rest of the chemokines. The choice of these incubation times was based on previous studies (62, 87) . Cell supernatants were assayed for MCP-1, MIP-1␣, MIP-2, and RANTES using a sandwich ELISA, according to the manufacturer's instructions. In general, samples were incubated on ELISA plates, together with a primary biotinylated antibody, and then washed and incubated with streptavidin bound to horseradish peroxidase. After a further wash, tetramethylbenzidine was added for color development, and the reaction was terminated with a commercial stop solution. Absorbance was read at 450 nm by using a 96-well microplate reader (Tecan).
Lactate dehydrogenase assay. The assay was performed by using the commercially available Cytotox 96 nonradioactive cytotoxicity assay kit according to the manufacturer's instructions (Promega) and based on previous studies in pancreatic acinar cells (87) . In brief, acinar cells (50,000/ml) were pretreated with 10 M PP2 or PP3 for 1 h followed by stimulation with 0.3 or 100 nM CCK for a further 2 h.
Samples were collected and centrifuged at 30 g for 30 s. A 120-l aliquot of medium was then removed to measure lactate dehydrogenase (LDH) release from the cells. A manufacturer-provided lysis reagent was then added to the remaining 380 l of cells and medium to determine total LDH. Both cell and medium samples were assayed. The results were expressed as the percent of cellular LDH released in the medium during the incubation.
Measurement of caspase activities. Caspase activities were measured as previously described (23) . We used a fluorogenic assay with substrates specific for caspase-3 (Ac-DEVD-AMC), caspase-8 (Ac-IETD-AMC), or caspase-9 (Ac-LEHD-AMC) as described previously (45, 76) . Pancreatic acinar cells were lysed in buffer containing 50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium azide, 1 mM EGTA, 0.4 mM EDTA, 0.2 mM sodium orthovanadate, 1 mM PMSF, and one protease inhibitor tablet/10 ml and centrifuged for 15 min at 15,000 g, and supernatants were collected. Proteolytic reactions were carried out at 37°C in a buffer containing 25 mM HEPES (pH 7.5), 10% sucrose, 0.1% CHAPS, and 10 mM dithiothreitol, using specific substrates for each caspase. Cleavage of these substrates releases AMC, which emits a fluorescence signal with excitation at 380 nm and emission at 440 nm. Fluorescence was calibrated using a standard curve for AMC. The data are expressed as picomoles of AMC per milligram of protein per minute.
Trypsin activity assay. Trypsin activity was measured using a fluorogenic assay with a substrate specific for trypsin (Boc-Glu-AlaArg-AMC) as described previously (35) . After the cells were treated with the various agents, they were washed with ice-cold PBS, lysed in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, pH 7.0 (containing 250 mM sucrose, 5 mM MOPS, and 1 mM MgSO 4), and centrifuged for 15 min at 15,000 g, and supernatants, with the addition of the substrate, were used for the assay. Trypsin activity was measured fluorometrically in 800 g of cell lysate from each sample, applying the same principle used for determining the activity of the caspases with excitation at 380 nm and emission at 440 nm. Fluorescence was calibrated using a standard curve with trypsin. To compare values between different treatments, the data were expressed as the percentage of maximal activity obtained when acini were incubated with 100 nM CCK for 20 min.
Amylase release. Amylase release was measured using the procedure published previously (68, 81) . Amylase activity was determined after a 30-min incubation using the Phadebas reagent and was expressed as percentage of the total cellular amylase released in the extracellular medium during the incubation.
Statistical Analysis
All experiments were performed at least four times. Data are presented as means Ϯ SE and were analyzed using the one-way ANOVA with Dunnett's or Bonferroni multiple test as posttests using the GraphPad 5.0 software. P values Ͻ0.05 were considered significant.
RESULTS
Assessment of SFK Inhibition by PP2 in Pancreatic Acinar Cells
The supraphysiological 100 nM concentration of CCK (Fig. 1A) induced activation of SFK (250 Ϯ 45% of basal, P Ͻ 0.01) after 2 h of incubation. Basal SFK activity ( Fig. 1A and Table 1 ) was significantly reduced after 1 h preincubation with 10 M PP2 (Ϫ62 Ϯ 6%⌬ of basal, P Ͻ 0.001) (Fig. 1A) , whereas it was unaffected by 10 M of the inactive analog PP3 (Fig. 1A) . In addition, PP2 (10 M) inhibited by Ͼ85% stimulation of SFK induced by 2 h incubation with 100 nM CCK ( Fig. 1 ) while PP3 had no effect on CCK-induced SFK stimulation.
Involvement of SFK in CCK-Induced MAPKs in Pancreatic Acinar Cells
After 2 h of incubation, the supraphysiological 100 nM concentration of CCK induced activation of p42/44 (75 Ϯ 9% over basal, P Ͻ 0.05) and JNK (87 Ϯ 7% over basal, P Ͻ 0.01). Basal p42/44 and JNK kinase activity was not affected either by PP2 or by the inactive analog PP3 (Fig. 1, B and C, and Table 1 ). However, PP2 (10 M) inhibited stimulation of p42/44 ( Fig. 1B) and JNK ( Fig. 1C) induced by 2 h incubation with 100 nM CCK.
Involvement of SFK in CCK-Induced Activation of STAT-3, NF-B, and AP-1 in Pancreatic Acinar Cells
Cells were incubated for 1 h with 0.1% DMSO, 10 M PP2, or its inactive analog PP3 (final DMSO 0.1%) followed by stimulation with 100 nM CCK for 2 h. Incubation with 100 nM CCK led to an increase in the activity of NF-B (1.57 Ϯ 0.09 times basal, P Ͻ 0.05), STAT-3 (1.43 Ϯ 0.12 times basal, P Ͻ 0.05), and AP-1 (1.28 Ϯ 0.02 times basal, P Ͻ 0.05) ( Fig. 2 and Table 1 ). Preincubation with PP2 did not reduce the basal activation values of these nuclear transcription factors. However, PP2 inhibited the CCK-induced DNA-binding activity of NF-B (0.77 Ϯ 0.09 times CCK alone, P Ͻ 0.05), STAT-3 (0.68 Ϯ 0.04 times CCK alone, P Ͻ 0.05), and AP-1 (0.80 Ϯ 0.01 times CCK alone, P Ͻ 0.05), whereas PP3 had no effect in their CCK-mediated activation.
Role of SFK in CCK-Mediated Production of CC Chemokines in Pancreatic Acinar Cells
Incubation with supraphysiological concentrations of CCK, a model of in vitro pancreatitis-like damage (23) , is reported to stimulate chemokine release (4, 6, 23, 45, 76) . We examined the role of SFK in mediating this effect by incubating acini with 100 nM CCK under conditions that resulted in Ͼ85% SFK inhibition induced by CCK (Fig. 1 ).
Acini were pretreated with either PP2 or its negative control PP3 (both at 10 M) for 1 h followed by stimulation of 100 nM CCK (Fig. 3) . The release of the chemokines, MIP-2, MCP-1, MIP-1␣, and RANTES, was determined in the cell culture medium by specific ELISAs. The basal absolute values for chemokine release in the pancreatic acinar were 0.75 Ϯ 0.21 ng/ml for MIP-2, 0.62 Ϯ 0.11 ng/ml for MCP-1, 73.4 Ϯ 12.9 pg/ml for MIP-1␣, and 1.91 Ϯ 0.36 ng/ml for RANTES. Pretreatment with PP2 ( Fig. 3 ) markedly decreased the basal release of MIP-2 (45 Ϯ 4% of control, P Ͻ 0.05, n ϭ 4) (Fig.  3A) and MCP-1 (62 Ϯ 4% of control, P Ͻ 0.05, n ϭ 4) (Fig.  3B) ; however, there was no effect on the basal release of MIP-1␣ (10 Ϯ 2% over control, n ϭ 4) (Fig. 4A) or the basal release of RANTES (28 Ϯ 3% over control, n ϭ 4) (Fig. 4B) . Preincubation with PP3 did not affect the basal levels of any of these chemokines (Figs. 3 and 4 and Table 1 ).
Treatment of the control pancreatic acini with 100 nM CCK resulted in a significant increase in the release of the three CC chemokines (Figs. 3 and 4 and Table 1 ) MCP-1 (97 Ϯ 10% over control, P Ͻ 0.01, n ϭ 4) (Fig. 3B) , MIP-1␣ (50 Ϯ 2% over control, P Ͻ 0.05, n ϭ 4) (Fig. 4A) , and RANTES (208 Ϯ 53% over control, n ϭ 4) (Fig. 4B) . The data suggested a possible increase in the secretion of the CXC chemokine MIP-2 (17 Ϯ 2% over control, n ϭ 4) (Fig. 3A) , but it did not reach significance (P ϭ 0.29).
Treatment with PP2 (10 M) inhibited markedly 100 nM CCK-stimulated release of three of the four chemokines (Figs. 3 and 4) . Specifically, in the presence of PP2, 100 nM CCK did not induce stimulation in MIP-1␣ (3 Ϯ 1% over PP2 control) (Fig. 4A) and RANTES (14 Ϯ 2% over PP2 control) (Fig. 4B) . Preincubation with PP2 also inhibited the CCK-induced stimulation of MCP-1 (40 Ϯ 1% over PP2 control) (Fig. 3A) .
PP3 preincubation did not affect CCK stimulation of the release of MCP-1 (123 Ϯ 24% over PP3 control, P Ͻ 0.05) (Fig. 3B) , MIP-1␣ (50 Ϯ 2% over PP3 control, P Ͻ 0.05) (Fig.  4A ), or RANTES (204 Ϯ 53% over PP3 control, P Ͻ 0.05) (Fig. 4B) . To determine SFK (A), p42/44 (B), and JNK (C) activity, we assessed the phosphorylation of Y416 Src, Y202/204 p42/44, and p-T183/Y185 JNK that correlate with their activity. Membranes were analyzed using anti-pY416 Src, anti-pY202/204 p42/44, and anti-p-T183/Y185 JNK antibodies. Total Src, JNK, and p42/44 antibodies were used to verify loading of equal amounts of protein. The bands were visualized using chemoluminescence, and quantification of phosphorylation was assessed using scanning densitometry. Top, a representative experiment of 3 others; bottom, each set is the mean of 5 experiments. Lanes in top are in the same order as shown for the means. *P Ͻ 0.05 vs. control, ϱP Ͻ 0.05 vs. PP3 alone, and $P Ͻ 0.05 comparing stimulants (CCK) vs. stimulants preincubated with PP2 or PP3, respectively.
SFK Regulates Cell Death Pathways in Pancreatic Acinar Cells Promoting Cell Necrosis and Inhibiting Apoptosis
Supramaximal CCK concentrations, used in in vitro models of pancreatitis, are reported to activate cell death pathways stimulating apoptosis and necrosis (90) . We used our experimental conditions of inhibition of SFKs (Fig. 1) to investigate its role in mediating CCK-stimulated cell death pathways involving cell necrosis or apoptosis in pancreatic acinar cells. Cells (pretreated or not with PP2/PP3) were incubated with or without 100 nM CCK, and necrosis was assessed by measuring LDH release in the extracellular medium as well as assessing apoptosis by measuring caspase activity in the cell lysates (Figs. 5 and 6).
Cells incubated with 100 nM CCK demonstrated increased LDH release (Fig. 5) . Specifically, cells incubated with no stimulant released 8.3 Ϯ 1.8 of total LDH (Fig. 4) , whereas the cells incubated with CCK showed a higher LDH release of 14.4 Ϯ 2.2 of total LDH, representing an increase of 73 Ϯ 14% over control (P Ͻ 0.05). Neither PP2 (39 Ϯ 5% of control) nor PP3 (28 Ϯ 7% of control) had a significant effect on the basal level of LDH released from the cells (Fig. 5) . However, pretreatment of the acinar cells with PP2 significantly reduced the effect of the supramaximal dose of CCK on LDH release to 40 Ϯ 3% over the PP2 control, resulting in a reduction of 45 Ϯ 2% of the stimulation induced by CCK alone (P Ͻ 0.05 vs. CCK-treated cells, n ϭ 4) (Fig. 5) . In contrast, the inactive analog PP3 had no effect on CCK-mediated stimulation of LDH release (81 Ϯ 2%, P Ͻ 0.05 over PP3 control; not significant vs. CCK-treated cells, n ϭ 4) (Fig. 5) .
Apoptosis in pancreatic acinar cells is mediated principally by activation of caspases (6, 45, 56) . Treatment of pancreatic acini with CCK (100 nM) stimulated activation of caspases-3 (208.1 Ϯ 28.9%), -8 (37.5 Ϯ 3.5%), and -9 (168.2 Ϯ 18.8%) in pancreatic acinar cells (Fig. 6, A-C) . However, in the acini incubated with CCK, preincubation with PP2 resulted in a proapoptotic effect manifested by an enhanced activation of each of these caspases (3, 8, and 9) induced by a supramaximal concentration of CCK. Specifically, in the presence of PP2 there was a 261.6 Ϯ 13.2% increase in caspase-3 activity, 188.6 Ϯ 19.2% increase in caspase-8, and 255.5 Ϯ 14.2% increase with caspase-9 (P Ͻ 0.005, Fig. 6, A-C) . In contrast, the inactive analog PP3 had no effect (Fig. 6, A-C) . These results demonstrated that SFK regulates cell death in pancreatic acinar cells by promoting cell necrosis while suppressing caspase activation.
Effects of SFK Inhibition on Amylase Release
In the literature, confusing results are reported for the role of SFKs in CCK-mediated enzyme secretion (36, 42, 84) . To study the effect of SFK activation in the stimulation of amylase release in rat pancreatic acinar cells, isolated acini were preincubated with either no additions, with 10 M PP2 or with PP3, and then subsequently incubated with CCK at either a low (0.01 nM), maximal (0.1 nM), or supramaximal (100 nM) concentration (Table 2) . Each CCK concentration resulted in a significant increase in enzyme secretion ( Table 2 ). The different CCK concentrations resulted in a biphasic effect on CCKstimulated enzyme secretion, as previously reported in numerous studies (36, 42, 84) , with 0.01 nM CCK causing a 37.7 Ϯ 1.1% increase in amylase release, 0.1 nM a 103.3 Ϯ 4.9% increase, and with 10 nM CCK 70.5 Ϯ 1.6%, demonstrating a supramaximal inhibition of 31.1 Ϯ 3.6% with respect to the maximal stimulation of amylase release (Table 2) . At each of these CCK concentrations neither 10 M PP2, nor 10 M PP3, a Results are calculated from the data shown in Fig. 1 .
b Concentration and incubation times are reported in Fig. 2 . c Concentration and incubation times are reported in Fig. 3 . d Concentration and incubation times are reported in Fig. 4 .
e Concentration and incubation times are reported in Fig. 5 . f Concentration and incubation times are reported in Fig. 6 . g Concentration and incubation times are reported in Fig. 7 .
h Concentration and incubation times are reported in Tables 2 and 3. its inactive analog, had any effect on stimulated enzyme secretion (Table 2) . To further explore if a possible effect might be unmasked using different PP2 concentrations, we performed additional studies using three different concentrations of PP2 (10, 100, and 1,000 nM) and 1,000 nM PP3 followed by incubation with CCK at either maximal (0.1 nM) or supramaximal (100 nM) concentration (Table 3) . Preincubation with the SFK inhibitor or its inactive analog at any of the three concentrations did not produce any modification of the known biphasic stimulation of the amylase secretion by CCK (Table 3) .
Effects of SFK Inhibition in Trypsin Activation
CCK (100 nM) stimulated trypsin activity (79 Ϯ 6%, P Ͻ 0.05). Neither preincubation with 10 M PP2 (78 Ϯ 4% over PP2 control), nor its inactive analog PP3 (84 Ϯ 6% over PP3 control), reduced CCK-induced trypsin activity ( Fig. 7 and Table 1 ).
DISCUSSION
Acute pancreatitis is an acute inflammatory process of the pancreas (37, 56). The major pathophysiological processes underlying acute pancreatitis are inflammation, edema, and necrosis of pancreatic tissue as well as inflammation and injury of extrapancreatic organs (56) . Acinar cell injury is important in the first stages of pancreatitis development (5) . This fact and the lack of therapies directed to the molecular pathogenesis of pancreatitis (5) make very relevant the understanding of the physiology and pathophysiology of pancreatic acinar cells. This could lead to new promising targets for the development of new approaches to understand and treat this disease. Various studies have demonstrated that, in acute pancreatitis, a number of cellular signaling cascades are activated and may play important roles in onset, progression, and severity of disease and thus be possible targets for therapy (5, 30, 56) . These signaling cascades include: activation of ERK kinases (MAPK, p38, JNK), PKCs (PKC-␦, PKC-ε, PKC-), PKD, PKA, JAK-STAT signaling, and NF-B (5, 30, 56) . A number of recent studies, including gene expression profiling studies in acute pancreatitis, have called attention to the central role of SFKs in interacting with and activation of a number of these signaling cascades (30, 38, 43) .
In various tissues, SFKs mediate secretion, proliferation, growth, protein synthesis, membrane recycling, inflammatory responses, and cell death, and, in pancreatic acinar cells, SFKs are involved in numerous cellular signaling cascades mediating different physiological/pathophysiological responses, including in acute pancreatitis (4, 6, 23, 36, 42, 45, 50, 51, 55, 76, 80, 84) . However, the role of SFKs in CCK mediation of a number of acinar cell physiological/pathophysiological responses, including in pancreatitis, are not clear, with studies either providing no data or conflicting results in many cases. In a recent study (51) using both chemical inhibition and dominant negative/positive adenoviral expression to alter SFK activity in pancreatic acini, we were able to completely explore the cellular cascades that SFKs interact with in pancreatic acini, and we set conditions that ensure at least an 85-90% inhibition of SFKs. In the present work we used a similar approach using chemical inhibition of SFK activation to study the role of SFK in a well-established in vitro model of pancreatitis-like cell damage (37, 56) , as well as in pancreatic secretion, a physiological acinar cell response in which there are contradictory reports of the role of SFKs (36, 42, 84) .
To carry out the present study, it was first essential to establish incubation conditions that allowed prolonged inhibition of SFK activity for a number of reasons. In our previous study (51) assessing the effect of the widely used Src inhibitor PP2 and its inactive control PP3 (2, 3) on acinar cell signaling cascades, the incubation periods were short (Ͻ10 min), whereas studies using in vitro CCK-induced rat models of pancreatitis generally require an incubation with supramaximal concentrations of CCK for 1-3 h (23, 37, 37, 70) . The importance of this point is illustrated by our findings from the short-term previous study with SFK's role in CCK-mediated activation of JNK and p42/44 kinases. In the previous shortterm study (51) , while demonstrating CCK activation of p42/44 and JNK, as reported by others (13, 17) , neither the chemical SFK inhibitor PP2 nor the dominant negative inhibitory adenoviral construct inhibited CCK activation of p42/44 or JNK (51) even though they inhibited CCK-mediated activation of SFKs by Ͼ90%. While this result suggests activation of SFKs may not be important in CCK-mediated activation of p42/44 and JNK, it does not completely rule out its possible importance in CCK-mediated or other models of acute pancre- atitis, which almost universally report p42/44 and JNK activation (13, 14, 30, 31, 43, 47, 62) , because the experimental conditions are different, with longer preincubation times with CCK in the experimental models. Our results in this study demonstrate that, under the experimental conditions used with the prolonged CCK incubations required to induce experimental pancreatitis, activation of SFKs was inhibited by Ͼ85%, and not only were JNK and p42/44 activated, both occurred in a Src-dependent manner in that both were inhibited by PP2, but not the inactive control PP3. There could be some concern about the specificity of PP2 for inhibiting Src (51) . However, in a previous study (51) we fully addressed this concern by doing incubations in parallel with two different types of adenovirus (dominant negative and wild type). Those experiments showed similar results to those performed with PP2. The results from this previous study (51) , added to the fact that in the present study we included the inactive control PP3, support our conclusion that the observed changes we see with PP2 are reflecting changes in Src activity. Unfortunately, the execution of adenovirus experiments for the present study has many technical difficulties because the long incubation times required are incompatible with measuring the secretory function, since the cells lose a lot of functionality. These findings established that the experimental conditions used were suitable to study the role of SFKs on cellular processes related to onset of experimental acute pancreatitis.
Our results with prolonged CCK incubations required to induce experimental pancreatitis demonstrating that p42/p44 activation was Src dependent are similar to the effect of substance P in pancreatic acinar cells (62) , bradykinin in trabecular meshwork cells (85) , urocortin in mouse myocytes (91) , or angiotensin II in vascular smooth cells (88) , which all stimulate Src-dependent p42/44 activation. However, they are in contrast to our own previous observation with short CCK incubation times (49) and also with results in vascular smooth cells stimulated by endothelin-1 (ET-1), which activates ERKs in a Src-independent way (88). Our result that JNK activation by CCK under these prolonged incubation conditions was affected by Src inhibition is also in contrast to our own previous observation during short-term incubations (49) and to angiotensin II stimulation of JNK in vascular smooth muscle cells (18) . On the other hand, our results are similar to JNK activation induced by sphingosine 1-phosphate or ET-1 in smooth muscle cells, each of which is dependent on Src (18, 88) , and also to JNK activation by substance P in pancreatic acinar cells (62) . These results demonstrate that, not only does the role of SFK in mediating activation of different MAPKs differ in different cells activated by various stimuli, but also even within the same cell type depending on the different incubation conditions.
Previous studies have demonstrated in several models of acute pancreatitis, including CCK-induced, that there is activation of several important transcriptional factors such as NF-B (25, 27, 30, 56, 62), STAT-3 (9, 33, 62, 89) , and AP-1 (26, 33, 62) . Our results support the conclusion that, in pancreatic acinar cells, the CCK-induced activation of NF-B, STAT-3, and AP-1 is Src-dependent. These results are consis- Fig. 6 . Effect of inhibition of SFK on CCK-mediated caspase activation in pancreatic acini. Freshly isolated rat pancreatic acini were preincubated with either 10 M PP2 or PP3 for 1 h followed by stimulation with 100 nM CCK for 4 h. Caspase-3, -8, and -9 activities were measured as described in MATERIALS AND METHODS in the lysates of isolated pancreatic acini. Results shown are means Ϯ SE of 4 independent experiments. *P Ͻ 0.05 vs. control, #P Ͻ 0.05 vs. PP2 alone, ϱP Ͻ 0.05 vs. PP3 alone, and **P Ͻ 0.05 comparing CCK alone vs. PP2-CCK. Fig. 5 . Effect of inhibition of SFK on CCK-mediated lactate dehydrogenase (LDH) release in pancreatic acini. Freshly isolated rat pancreatic acini were preincubated with either 10 M PP2 or PP3 for 1 h followed by stimulation with 100 nM CCK for 2 h. Acinar cell necrosis was measured by the percentage of total LDH released in the medium, as described in MATERIALS AND METHODS. Results are representative of 4 independent (n ϭ 4) experiments. Results shown are means Ϯ SE. *P Ͻ 0.05 comparing control, PP2, or PP3 alone vs. CCK, PP2-CCK, or PP3-CCK, respectively. tent with activation of these transcriptional factors by other stimulants like somatostatin (39), hydrogen sulfide (78), and substance P (62), which are also Src-dependent. There are no previous studies on the role of Src on activation of these transcription factors in CCK-induced pancreatitis, but our results demonstrating that their activation is Src dependent are consistent with studies in substance P-induced acute pancreatitis reporting that activation of a number of these transcription factors is Src-dependent (62, 78) .
During acute pancreatitis, chemokine/cytokine production occurs (5, 28, 56, 63, 67, 71, 78) , and a study with a substance P mouse model of acute pancreatitis has reported it is Srcdependent (62) . In other studies in different models of experimental pancreatitis, chemokine/cytokine production is reported to require activation of p42/44, JNK, NF-B, and AP-1 (33, 60 -63) . In the present study, we demonstrate that, in CCK-induced acute pancreatitis, not only does the stimulation of p42/44, JNK, NF-B, and AP-1 occur in a Src-dependent manner but the release of chemokines is also affected by Src activation. Specifically, we found that, in the pancreatic acini preincubated with a supraphysiological dose of CCK, there was stimulation of the release of the chemokines MCP-1, MIP-1␣, and RANTES, whereas MIP-2 release was unaffected. Our results differ from those in a previous study reporting MIP-2 transcription was upregulated in pancreatic acinar cells exposed to supraphysiological concentrations of CCK (53); however, they are in agreement with other studies reporting CCK stimulates/induces MCP-1 (58, 87) and RANTES (87) . These results demonstrate for the first time that activation of SFKs in a CCK model of acute pancreatitis-like cell damage is needed for chemokine production. This result is similar to findings in a study (62) with substance P-stimulated release of the chemokines MCP-1 and MIP-1␣ in a mouse pancreatitis model, which was found to be Src-dependent. However, our results differ from findings in the same study (62) with release of the chemokine MIP-2, which was also reported to be Src-dependent in mouse pancreatic acini (62), whereas we saw no Src effect.
During acute pancreatitis, cell death can occur both with apoptosis and necrosis (7, 34, 45, 56) . It is increasingly recognized that caspases play an essential role in mediating apoptosis, but also protect from necrosis, as well as decreasing the severity of pancreatitis induced by supraphysiological concentrations of CCK and other causes (6, 24, 45, 56, 76, 90) . Similar to other studies using similar experimental conditions (23, 23, 45, 90) , our results also support the conclusion that apoptosis is stimulated in CCK-induced experimental pancreatitis, due in part to activation of both initiator and effector caspases-3, -8, and -9 (4, 6, 23, 45, 76, 90) . Before this study the role of activation of SFK in CCK-mediated caspase activation had not been investigated. Our results demonstrate that Src activation has an important effect on CCK activation of caspases. In our study SFK inhibition enhanced the activation of caspases-3, -8, and -9 mediated by CCK, leading to the conclusion that SFK activation during CCK initiated pancreatitis and has a restraining effect on activation of these caspases and stimulation of apoptosis. It would be expected that this change would support the development of more severe forms of pancreatitis with necrosis because of the suppression of the well-described protective effect of caspase activation by stimulating apoptosis and decreasing necrosis (7, 23, 34, 45) . This novel Src-mediated inhibitory apoptotic effect of CCK has not been previously described in pancreatic acini; however, it is similar to previous studies demonstrating an inhibitory role of SFKs upon caspase activation in a number of other cells (10, 12, 16, 19, 52, 74, 77) . Nonetheless, our results differ from findings in cerebral cortex or in hepatoma cells where Src activation has either a stimulatory effect on caspases (15) or did not have any effect on their activity (16) .
To provide support for our proposal that SFK activation may be leading to the development of more severe forms of pancreatitis by supporting necrosis and restraining apoptosis, we assessed CCK-mediated LDH release because LDH release in the extracellular medium has been frequently used as a measure of necrosis in isolated pancreatic acini in numerous studies of pancreatitis (23, 24, 45, 76) . Similar to others we found that, without SFK inhibitors present, supramaximal CCK concentrations inducing in vitro pancreatitis in the acinar cells increased the LDH release from these cells, supporting the conclusion that, in our study, similar to others, some necrosis is occurring (23, 37, 76, 83, 90) . Whereas SFK inhibition had no effect on basal LDH release, it significantly reduced LDH release stimulated by supramaximal CCK concentrations. These results provide additional support for the conclusion that SFKs are a having a novel dual role in cell death during CCK-induced pancreatitis, in that, SFK activation inhibits apoptosis and increases necrosis, with the final effect being that this dual role shifts the balance to a more severe form of pancreatitis.
In CCK-induced in vitro pancreatitis, as well as in other forms of pancreatitis, premature intracellular activation of the digestive enzyme trypsinogen in the pancreatic acinar cells is considered to be an important early event (22, 32, 37, 56, 67, Pancreatic acini were incubated with no additions and three different concentrations of PP2 (10 nM, 100 nM, and 1 M) alone or with CCK (0.1 and 100 nM). Amylase release, expressed, as %cellular total amylase was determined after 30 min incubation. Results are averages of 5 experiments. 75 ). Similar to other studies (27, 29, 41, 66, 82) , we found that a supramaximal CCK concentration induced trypsin activation in pancreatic acinar cells. However, inhibition of SFK activation had no effect on CCK-induced trypsin activation. This result is in contrast to results from other studies in pancreatic acinar cells in which pancreatitis-like changes induced by other methods, including treatment with taurolithocholic acid 3-sulfate (43) or pervanadate (48) , were reported to require SFKs for trypsin activation. At first sight it might seem inconsistent that activation of SFKs in our model is proposed to be inducing a more severe form of in vitro pancreatitis yet not affecting one of the most important initiating events, which is the activation of trypsin. A number of recent studies have provided evidence that, in CCK-induced pancreatitis as well as pancreatitis due to other causes, the activation of trypsin and the stimulation of NF-B resulting in the generation of chemokines and cytokines are independent processes (27, 29, 32) . Our finding that inhibition of Src activation in CCK-mediated experimental pancreatitis inhibited NF-B and chemokine activation without affecting the trypsin activation supports the separate pathogenesis of these two processes. The activation of NF-B and the subsequent stimulation of proinflammatory chemokines/cytokines has been shown to play an important role in mediating many of the features of acute pancreatitis due to CCK and other causes, including necrosis and inflammation (11, 25, 46, 59) . Therefore, the ability of SFK inhibitors to prevent activation of the NF-B cascade could be an important therapeutic approach, possibly resulting in decreased development of more severe forms of acute pancreatitis.
Previous studies report conflicting effects of SFK activation on CCK-induced amylase release from pancreatic acinar cells (36, 42, 84) . Because CCK-stimulated enzyme secretion is mediated by activation of both high and low CCK A R affinity states that have different signaling cascades (65, 69, 86) , to fully address the question of the possible involvement of SFKs in CCK-mediated enzyme secretion, we assessed whether amylase release caused by either physiological, maximal, or supraphysiological concentrations of CCK was Src-dependent. As previously observed (36, 42, 65, 84) , we found CCKstimulated amylase secretion in a biphasic fashion, with supramaximal concentrations causing decreasing stimulation. However, inhibiting CCK-stimulated SFK activation almost completely, or to various degrees, did not alter CCK-stimulated amylase secretion by any of the CCK concentrations examined. From this study we conclude that CCK-induced amylase secretion at either physiological, maximal, or supraphysiological concentrations is not SFK-dependent. This result differs from the SFK dependence of ␤-adrenergic agents to stimulate secretion from isolated rat salivary gland cells (73) or growth hormone to stimulate insulin release from pancreatic islets (92) .
The present study has a number of potential shortcomings. In the present study the specific signaling cascades activating Src and activated by Src kinases, which mediated the changes in pancreatitis described above with supramaximal CCK treatment, were not studied. In pancreatic acinar cells, Src activation can occur through a wide range of signaling cascades and with CCK involve primarily activation of PKCs and changes in cytosolic calcium (48, 55, 68) . Once activated under physiological conditions, Src is involved in pancreatic acinar cells in a wide range of signaling cascades, including activation of focal adhesion kinases (p125FAK, PYK-2), adaptor proteins (paxillin, p130Cas), Shc, and Akt (51) . In pathophysiological conditions such as pancreatitis induced by supramaximal CCK, activation of PKCs, PKD, and NF-B is particularly important (56, 90) . Which of these signaling Src specifically affects cascade activation to induce the changes described in this study is currently unclear. It is also difficult to tell which of the Src isoforms (Yes, Lyn, Fyn, or pp60Src) are involved in this regulation. In previous studies we demonstrated that Yes (68) and Lyn (55) are the Src isoforms expressed in pancreatic acini. Although some studies have described pp60Src and/or Fyn expression in pancreatic acini (20, 55, 72) , we did not detect either pp60Src or Fyn in pancreatic acini. As a conclusion, and based on our previous results, we can conclude that the effects observed here are likely due to Yes and Lyn. However, at present, there are no tools to specifically inhibit the different Src isoforms, and, moreover, rat pancreatic acini cannot be cultured for a time long enough to perform smallinterfering RNA experiments. Because the Src isoforms are difficult to discriminate on the basis of molecular weight, the question of which Src isoform is more important in mediating the pancreatitis-like changes shown in this study remains unanswered. Last, in the present study, we did not examine the effect of Src inhibition on morphological changes of CCKinduced pancreatitis-like changes. Numerous studies have demonstrated that Src inhibition largely reverses pancreatitisassociated morphological changes whether induced by CCK, substance P, pervanadate, or by tumor necrosis factor-␣ (42, 48, 72) .
In conclusion, using conditions in which SFK activation was inhibited, we demonstrated that SFKs were important in regulating a number of key mediators of its ability to induce acute pancreatitis, including release of chemokines, mediators of apoptosis (caspase-3, -8, and -9), and severity of necrosis. Our results demonstrate that CCK-stimulated Src activation has a novel dual role in pancreatitis by increasing necrosis while at the same time inhibiting caspase activation, which inhibits proapoptotic pathways, with the result that it shifts the balance to a more severe pancreatitis. Furthermore, our approach helps Fig. 7 . Effect of inhibition of SFK on CCK-mediated trypsin activation in pancreatic acini. Freshly isolated rat pancreatic acini were preincubated with either 10 M PP2 or PP3 for 1 h followed by stimulation with 100 nM CCK for 20 min. Trypsin activity was measured as described in MATERIALS AND METHODS in the lysates of isolated pancreatic acini. Results shown are means of 4 independent experiments. *P Ͻ 0.05 vs. control, #P Ͻ 0.05 vs. PP2 alone, and ϱP Ͻ 0.05 vs. PP3 alone.
resolve the conflicting reports of SFKs role in mediating CCK-stimulated enzyme secretion by showing no effect with physiological, maximal, or supraphysiological CCK concentrations with different degrees of Src activation. These findings, in addition to providing a more complete assessment of the role of SFK activation by CCK in mediating the cellular cascades important for transduction of its physiological and pathophysiological effects, also provide evidence that the use of Src kinase inhibitors may be a useful therapeutic approach in acute pancreatitis to ameliorate its course.
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